An anodic alumina microlens array was fabricated by laser irradiation and electrochemical techniques. An aluminum specimen covered with a porous oxide film was irradiated with a pulsed Nd-YAG laser, and then electropolished to dissolve the aluminum substrate. A well-defined semi-elliptical micropore was formed on the aluminum by electropolishing. The immersion of the electropolished specimen in a CrO 3 /H 3 PO 4 solution resulted in the dissolution of the remaining anodic oxide film. Subsequent re-anodizing enabled the formation of a characteristic meniscus-shaped oxide film on the micropore. A microlens array made of the thin anodic alumina film, which showed flexibility and heat resistance, was successfully fabricated by the lift-off of the anodic oxide.
Introduction
Micrometer-scale lens arrays have been widely investigated and fabricated for their incorporation into micro-optical devices such as liquid-crystal display (LCD) projectors, charge coupled device (CCD) image sensors, three-dimensional (3D) televisions, etc [1] [2] [3] [4] [5] . The fabrication techniques used to produce microlens arrays have already been reported by many researchers; typical techniques include the thermal reflow of photoresist materials [2, 6, 7] , the gray-scale mask method [8] [9] [10] , and the ion diffusion method [11] . These fabrication processes are typically based on photolithography with a resist coating, followed by soft baking, exposure, development, and post baking. However, because photolithography involves many steps with toxic reagents and is seldom applied to materials with 3D structures, such as stepped and curved surfaces, a technique for fabricating microlens arrays without using photolithography must be developed.
In recent years, simple and low-cost methods for microlens array fabrication without photolithography have been reported. An ink-jet process using a drop-on-demand printer has been applied for the direct formation of microlens arrays on substrates [12, 13] . Microlens arrays can also be fabricated directly by pressing organic compounds onto a negative mold with micro-dimple structures [14, 15] . However, the microlens arrays fabricated by these processes are generally made of polymer materials including polydimethylsiloxane (PDMS) and polymethylmethacrylate (PMMA), and it is difficult to use polymer lens arrays in high-temperature environments such as those created by heat dissipation in electronic devices due to the deformation and decomposition of polymers under these conditions. Hence, transparent oxides, including silicon dioxide (SiO 2 ) and aluminum oxide (Al 2 O 3 ), with heat-resistant properties may be suitable microlens materials.
The authors have recently demonstrated a novel method for fabricating micro-and nano-structures by laser irradiation and electrochemical techniques [16] . In this technique, an aluminum specimen covered with anodic oxide film is irradiated with a pulsed neodymium-doped yttrium aluminum garnet (Nd-YAG) laser to remove the oxide film locally, and then metals and organic compounds are deposited by electroplating, electroless plating, or electrophoretic deposition in areas where the oxide film has been removed by laser irradiation. Printed circuit boards [17, 18] , plastic injection molds [19] , 3D polypyrrole micro-manipulators [20] [21] [22] , and other complicated 3D microstructures [23, 24] have been successfully fabricated by the technique. It has also been found that localized electrochemical etching and anodizing after laser irradiation allows for the formation of micropores [25] , microgrooves [25] , and semi-cylindrical oxides on metal substrates [26, 27] . It is important in both bottom-up and bottom-down fabrication processes to be able to form anodic oxide micro-patterns on the aluminum surface by laser irradiation and electrochemical techniques without photolithography. This technique may allow for the fabrication of anodic alumina microlens arrays with well-defined curvature under optimal fabrication conditions.
The aim of this study was to establish a technique for the fabrication of microlens arrays composed of anodic alumina by anodizing, laser irradiation, electropolishing, and re-anodizing. The effects of the conditions of laser irradiation, electropolishing, and anodizing on the shape and size of the resulting microstructures were investigated. In addition, a well-defined and high-density anodic alumina microlens array was fabricated to demonstrate the capabilities of the technique.
Experimental
The fabrication process of an alumina microlens array by laser irradiation and electrochemical techniques is shown in Fig. 1 . Highly pure aluminum plates (99.99 wt%, 400 µm thick, Nippon Light Metal Co., Japan) were cut into 30 mm x 20 mm pieces with a handle and then ultrasonically degreased in an ethanol solution for 10 min. After degreasing, the specimens were electropolished in a 13.6 M CH 3 COOH / 2.56 M HClO 4 solution (T = 280 K) at a constant voltage of 28 V for 150 s. During the electropolishing, an aluminum plate was used as the counter electrode, and the solution was stirred slowly with a magnetic stirrer. The electropolished specimens were immersed in a 0.22 M (COOH) 2 solution (T = 293 K) and then anodized for 3 -30 min at a constant current density of 100 A m -2 to form a porous anodic oxide film measuring 1 -10 µm in thickness on the aluminum substrate (Fig. 1a) . After anodizing, some specimens were boiled in doubly distilled water (T = 373 K) for 5 -60 min to seal the nanopores in the porous oxide film. The anodized specimens were immersed in doubly distilled water (T = 295 K) and then irradiated with a pulsed Nd-YAG laser to remove the anodic oxide film locally (Fig. 1b) . Fig. 2 shows a schematic model of the laser irradiation setup used in this study. The laser beam (GCR-130-10, Spectra Physics) had a wavelength of 532 nm (second harmonic generation), pulse width of 8 ns, frequency of 10 Hz, and beam divergence of <0.5 mrad (full angle), and the laser power was adjusted to 0.5 -1.0 mW during laser irradiation. The specimens were set in the focal position of the laser beam that passed through an iris diaphragm (Sigma-64, Sigma Koki Co., Japan), a convex lens with a 60 mm focal length (SLQ-15-60P, Sigma Koki Co.), and a quartz window. The specimens were irradiated with the laser for 0.5 -2.0 s to form a micropore in the anodic oxide film. To control the position of the specimens during laser irradiation, the specimens were moved with a PC-controlled XY-stage (CPC-2DN, Chuo Precision Industrial Co., Japan). Laser irradiation in distilled water results in micromachining without debris around laser-irradiated areas [25] .
After laser irradiation, the specimens were immersed in a 13.6 M CH 3 COOH / 2.56 M HClO 4 solution (T = 280 K) and then electropolished at a constant voltage of 30 V to form a micropore with a flat surface (Fig. 1c) . The aluminum exposed to the solution is preferentially dissolved by electropolishing, and the anodic oxide film remaining in areas not subjected to laser irradiation, which acts as an insulating mask during electropolishing in the CH 3 COOH/HClO 4 solution, is attacked by the solution. To determine the optimal dissolution conditions for the electropolishing, the specimens completely covered with a porous oxide film with/without pore-sealing were also anodically polarized, and the time variations in the anodic current density were measured. In addition, the rest potentials of the anodized and pore-sealed specimens with different sealing times were measured by a potentiostat (PS-14, Toho Technical Research Co., Japan) during the immersion. A saturated KCl-Ag/AgCl electrode was used as a reference electrode in the rest potential measurements.
After electropolishing, the specimens were immersed in a 0.20 M CrO 3 / 0.54 M H 3 PO 4 solution (T = 353 K) for 5 min to completely dissolve the anodic oxide film (Fig. 1d) . The specimens were again immersed in a 0.22 M (COOH) 2 solution (T = 293 K) and then re-anodized for 60 min at a constant voltage of 50 V to form a porous oxide film with concave curvature (Fig. 1e) . During constant voltage re-anodizing, the voltage was increased at 0.2 V s -1 during the initial period until 50 V was reached; the specimens were then maintained at this voltage. Finally, the anodized specimens were immersed in a 0.32 M SnCl 4 solution at room temperature to completely dissolve the aluminum substrate ( Fig. 1f) , and an anodic alumina thin film with a microlens array was obtained.
The structural changes induced in the specimens by laser irradiation and each electrochemical process were examined by scanning electron microscopy (SEM, Miniscope TM-1000, Hitachi), electron probe microanalysis (EPMA, JXA-8900M ED/WD, JEOL), and confocal scanning laser microscopy (CSLM, 1SA21, Lasertec). To observe their vertical cross-section, the specimens were embedded in an epoxy resin, polished mechanically, and then immersed in a 0.25 M K 3 [Fe(CN) 6 ] / 4.17 M NaOH solution at room temperature for 20 s to clearly observe the nanoporous layer in the anodic oxide. The polished specimens were sputter-coated with platinum using a sputter coater (JFC-1600, JEOL) for SEM observations. The immersion of a porous anodic oxide film formed on an aluminum specimen in distilled boiling water results in the hydration of the oxide via the following chemical reaction [28] [29] [30] :
Al 2 O 3 + nH 2 O = Al 2 O 3 nH 2 O (1) During immersion, most of the hydration occurs in the outermost part of the porous layer, where highly crystalline hydroxide layers are formed. Accordingly, the nanopores in the anodic oxide film are sealed with the hydroxide. In general, it is a well-known experimental fact that the pore-sealing process improves the electrochemical resistance of the anodic oxide film in acid and alkaline solutions. As mentioned previously, in the microlens array fabrication method used in this work, the non-irradiated areas of the anodic oxide films act as insulating masks during electropolishing (Fig. 1c) . Therefore, the electrochemical resistance of the anodic oxide film was examined to determine the optimal conditions for anodizing, pore-sealing, and electropolishing. Fig. 3 shows the changes in the current density, i, with time, t p , during anodic polarization with the anodized aluminum specimen in a 13.6 M CH 3 COOH / 2.56 M HClO 4 solution. Before polarization, the aluminum specimen was covered with a porous anodic oxide film (1µm thickness) and then pore-sealed in distilled water at 373 K for periods of a) 0, b) 5, c) 15, and d) 60 min. The specimen was immersed in a CH 3 COOH/HClO 4 solution and then anodically polarized for 30 min at a constant voltage of 30 V during polarization. The current density increased with polarization time during each pore-sealing period after the initial transients, and this tendency was more marked at longer pore-sealing times. The current density corresponds to dissolved aluminum ions carried through imperfections in the oxide layer:
2) It is clear from Fig. 3 that the anodic oxide film without pore-sealing shows relatively high electrochemical resistance in CH 3 COOH/HClO 4 , although a slight current density of approximately 1.0 -1.5 mA m -2 was measured during polarization. This incomplete insulation of the anodic oxide film in the solution will be permitted for nanolens array fabrication because the value of the current density is very low. In addition, because the aluminum substrate without the oxide mask is exposed to the solution by laser irradiation (Fig. 1c) , the dissolution of the aluminum substrate will occur preferentially in the laser-irradiated area during electropolishing. The reason why the electrochemical resistance of the anodic oxide film decreased with the pore-sealing time will be addressed in the discussion section.
3.2 Laser irradiation and subsequent electropolishing of the aluminum covered with anodic oxide film An aluminum specimen covered with a porous anodic oxide film (1 µm thickness) without pore-sealing was irradiated with a pulsed YAG laser to remove the oxide film in distilled water. Fig. 4a shows an SEM image of the surface of the specimen irradiated at a laser power P = 1 mW for an irradiation time t i = 2 s. The circular micropore shown in Fig. 4a corresponds to the laser-irradiated area and the gray part around the pore to the anodic oxide film that was not irradiated. It can be seen from Fig.  4a that the anodic oxide film was removed from the specimen by laser irradiation, and many cracks were formed around the laser-irradiated area. A three-dimensional CSLM height image showed that the thin anodic oxide film was completely removed by laser irradiation, and the aluminum substrate, with a depth of approximately 20 µm at the center of the laser-irradiated area, was exposed. Fig. 4b shows an SEM image of a specimen irradiated at P = 0.5 mW for t i = 0.5 s. The oxide film was also removed locally, and the exposed aluminum substrate shows an uneven surface, like that of a milk crown, due to the rapid melting and solidification of the aluminum by laser irradiation. However, no crack was observed around the removed area of the anodic oxide. Fig. 4 clearly shows that long-term laser irradiation with high laser power resulted in the formation of cracks around the laser-irradiated area.
The mechanism of anodic oxide removal is based on that of laser ablation [16, 25] . A laser beam passed through the transparent anodic oxide film and reaches the interface between the oxide and aluminum substrate. The laser beam heats the aluminum to form a plasma, which removes the oxide film due to the high pressure between the oxide and aluminum. The melted aluminum substrate is rapidly quenched in water after the oxide removal, and micropores, shown in Fig. 4 , are formed. Fig. 5 shows SEM images of the surface of electropolished specimens in a CH 3 COOH/HClO 4 solution for 5 min after laser irradiation. Laser irradiation was carried out a) at P = 1 mW for t i = 2.0 s and b) at 0.5 mW for 0.5 s (see Fig. 4 ). Comparing Fig. 5a with 4a shows that irregularly shaped micropore with different diameters (vertical and horizontal directions) is fabricated by electropolishing, although the exposed aluminum substrate shows a smooth surface. In addition, a light-gray oxide film with a width of approximately 10 µm can be observed around the pore. This is a free-standing oxide film, whose formation can be explained as the result of undercutting, which occurs under the oxide film by isotropic electrochemical dissolution [31, 32] . In fact, CSLM revealed a space under the light-gray oxide. In contrast, electropolishing of the specimen shown in Fig. 4b led to the formation of a circular pore with a free-standing oxide film around the pore (Fig. 5b) . No electrochemical dissolution of aluminum was observed at the non-irradiated area by SEM or optical microscopy: this suggests that the anodic oxide film without pore-sealing exhibits good insulating properties during electropolishing in the CH 3 COOH/HClO 4 solution, as shown in Fig. 3 .
The anodic polarization of aluminum in a CH 3 COOH/HClO 4 solution, which is normally used as an electropolishing solution for aluminum and iron, results in the microsmoothing of the surface [33, 34] . The aluminum dissolves rapidly to the solution during the initial stage of electropolishing, and a highly concentrated electrolyte layer is formed on the surface during electropolishing. Under these mass-transport limitations, micrometer-scale convex regions on the aluminum surface preferentially dissolve to the solution. Therefore, the aluminum surface is smoothed by electropolishing on a microscopic level, as shown in Fig. 5 .
As shown in Figs. 4 and 5, circular micropores with smooth surfaces can be fabricated on aluminum substrate by laser irradiation and electropolishing under optimal conditions, although in this study, a free-standing oxide film was also formed around the pores. The diameter and depth of the pores formed by electropolishing increased with the etching time, thus allowing for size control.
Re-anodizing of the electropolished specimens
After being electrochemically polished, the specimen was immersed in CrO 3 /H 3 PO 4 solution to completely dissolve the anodic oxide film, which formed a free-standing layer and still remained on the aluminum substrate (Fig. 1d ). Fig. 6a shows an SEM image of the vertical cross-section of the specimen after the dissolution of the oxide film. Here, the gray region at the bottom corresponds to the aluminum substrate and the black region at the top to an epoxy resin. A semi-elliptical micropore measuring 60 µm in diameter and 25 µm in depth was observed, and it is clear that the free-standing oxide formed by electropolishing was dissolved by immersion in the CrO 3 /H 3 PO 4 solution. Fig. 6b shows an SEM image of the vertical cross-section of a specimen that was re-anodized for 60 min in a (COOH) 2 solution at a constant voltage of 50 V. The gray layer between the epoxy resin and aluminum substrate is the porous oxide film formed by re-anodizing, and the anodic oxide grew on the semi-elliptical micropore as well as on the flat surface. It should be noted that the thickness of the oxide film on the semi-elliptical micropore is different at each position. Figs. 6c and 6d show high-magnification SEM images of the boxed regions indicated in Fig. 6b . Striped patterns are observed in Figs. 6c and 6d due to the formation of many nanopores in the anodic oxide film. It is clear that the thickness of the oxide film at the pore bottom (12.2 µm, Fig. 6c ) is thicker than that at the periphery (6.7 µm, Fig. 6d) , and the anodic oxide becomes thinner in the direction of the periphery from the pore bottom (Fig. 6b) . This strongly suggests that the growth rate of the oxide film depends on the position of semi-elliptical pores in the aluminum substrate. The characteristic oxide film formed on the semi-elliptical micropore is shaped like a positive meniscus lens, which consists of a steep convex surface. Fig. 7 shows the a) aluminum and b) oxygen element distributions obtained by EPMA analysis of the area shown in Fig. 6b , and the scales to the right of the images indicate the relative intensities of aluminum and oxygen. By comparing the aluminum and oxygen distributions, EPMA studies show that the elements are distributed evenly in the anodic oxide film. The distinctive shape of the oxide film on the semi-elliptical pore will be addressed in the discussion section.
Fabrication of alumina microlens array
After re-anodizing, as shown in Fig. 6 , the anodic oxide film formed on the backside of the specimen was removed from the aluminum substrate by chemical dissolution or mechanical polishing. Therefore, the aluminum substrate on the backside was exposed by film removal. The specimen was then immersed in a 0.32 M SnCl 4 solution to completely dissolve the aluminum substrate (Fig. 1f) . Hydrogen gas evolved during the immersion, and the aluminum substrate, measuring 400 µm in thickness, was completely dissolved within 2 min. A transparent thin anodic oxide film was obtained in the solution after hydrogen gas evolution. Fig. 8a shows an SEM image of the anodic alumina microlens array obtained by the dissolution of the aluminum substrate. It is clear that many microlenses were successfully fabricated on the anodic oxide film. The microlenses measure approximately 40 µm in diameter and are spaced at 60 µm intervals. No crack or imperfections were observed on the anodic oxide film after it was lifted off from the aluminum substrate. Figs. 8b and 8c reveal the convex shape of the microlenses, although the anodic oxide substrate around the lenses is slightly hollow (Fig. 8c) ; these hollow regions were observed at the edge of the oxide formed on the semi-elliptical micropores (Figs. 6b, 6d, and 7) . The anodic oxide thin film was flexible, and no thermal deformation was observed following heat treatment at 773 K for 2 h without an amorphous-to-crystalline transition. These advantages suggest that the anodic oxide film is a suitable material for microlens arrays. Such microlenses fabricated on anodic alumina can be used as positive meniscus lens arrays.
A high-density anodic alumina microlens array was successfully fabricated by laser irradiation and electrochemical techniques. The diameter of the anodic alumina microlenses was determined to be 37.6 to 42.3 µm by precise shape measurement at different microlenses. A diameter difference may be caused by slight difference in the shapes of the film-removed area fabricated by laser irradiation. The difference, however, will be improved by choosing the optimal conditions for laser irradiation. The authors have already succeeded in fabricating oxide-removed patterns with features measuring approximately 5 µm in diameter [17] ; thus, the fabrication of smaller alumina microlens arrays should be possible. However, the fabrication process proposed in this investigation requires several electrochemical steps such as anodizing, electropolishing, re-anodizing, and dissolution of oxide/aluminum. Therefore, a simpler technique for creating alumina microlens arrays should be developed. Recently, the authors developed a new method for fabricating well-defined alumina microlens arrays using an imprint technique with a mold. This method will be reported in the near future. Nanopores formed in a porous anodic oxide film may have no effect on the focus profile of meniscus microlenses because the diameter of each nanopore formed in an oxalic acid solution (approximately 60 nm) is sufficiently smaller than the wavelength of visible light [35] . However, the optical characteristics of these alumina microlens arrays should be further investigated for micro-optical device applications.
4. Discussion 4.1 Decrease in the electrochemical resistance of the anodic oxide film after pore-sealing As described in Section 3.1, pore-sealing of the porous anodic oxide film reduces the film's electrochemical resistance in a CH 3 COOH/HClO 4 solution, though the authors strongly expected the oxide film to exhibit good resistance after pore-sealing. To further study the electrochemical resistance of the anodic oxide, the rest potentials of the specimen covered with the oxide film were measured in a CH 3 COOH/HClO 4 solution. Fig. 9 shows the changes in the rest potential of the anodized and pore-sealed specimens, E, with immersion time, t i , in a CH 3 COOH/HClO 4 solution at 280 K. The aluminum specimen was anodized in a (COOH) 2 solution for 10 min, and the pore-sealing conditions of all specimens were the same as those described in Section 3.1. In Fig. 9 , the rest potential is described as a mixed potential of the following anodic and cathodic reactions:
The anodic reaction occurs on the substrate at defects in the anodic oxide film, while the cathodic reaction is believed to occur over nearly the entire surface of the substrate because protons easily migrate through the oxide film [26] . Hence, the open-circuit rest potential strongly depends on the number of defects in the oxide film, and the rest potential increases with increasing chemical resistance due to the decrease in the number of defects [26] . It is clear from Fig. 9 that each rest potential drops with immersion time during the initial stage to reach steady values, and the rest potential gradually shifts to more negative potentials with pore-sealing time. Rest potential measurements were also performed using aluminum specimens with different oxide thicknesses. The measured rest potentials showed a tendency to shift to more negative values with pore-sealing time. The rest potential measurements strongly suggest that the resistance of the anodic oxide film becomes lower with increasing pore-sealing time, in agreement with the results shown in Fig. 3 . A porous anodic oxide film with nanopores can be formed on aluminum by anodizing in acid solutions [36] [37] [38] [39] [40] [41] [42] [43] . The oxide film consists of numerous fine hexagonal cells perpendicular to the substrate and each cell has a nanopore at its center. The pores are separated from the aluminum substrate by a thin barrier layer. Pore-sealing results in the sealing of the nanopores with hydroxides (see eq. 1): accordingly, the barrier layer at the pore bottom becomes thinner with increasing pore-sealing time [44] . This thinning phenomenon of the barrier layer may be due to a decrease in electrochemical dissolution resistance, if the hydroxides have a pathway to penetrate the barrier layer from the concentrated CH 3 COOH/HClO 4 solution. However, further studies by transmission electron microscopy (TEM) and electrochemical impedance spectroscopy (EIS) are required to understand the electrochemical resistance of the anodic oxide film in a CH 3 COOH/HClO 4 solution.
Growth behavior of the anodic oxide film on semi-elliptical pore
The growth behavior of the anodic oxide film on a semi-elliptical pore formed by laser irradiation and electropolishing was described in Section 3.3, and the results show that a meniscus-shaped oxide film grew on the semi-elliptical pore. The mechanism of formation will now be discussed. Fig. 10 shows a schematic model of the growth of the oxide film on the semi-elliptical pore by re-anodizing. At the semi-elliptical pore bottom, the nanopores in the porous oxide grows perpendicularly to the substrate because the aluminum substrate has a nearly flat surface. In contrast, at the periphery of the semi-elliptical pore, the porous oxide may have a microscopic pore-branching structure that is similar to that obtained by previous studies [45] [46] [47] the aluminum substrate has a large curvature, as shown in Fig.  6b . The branching of the nanopores reduces the oxide growth rate at the barrier layer because the diffusion of chemical species such as hydrogen, oxalate, and aluminum ions in the nanopores gradually becomes more difficult. Therefore, the curvatures at the top and bottom of the meniscus-shaped oxide formed on the semi-elliptical pore may be different, as shown in Fig. 6 .
Conclusions
An anodic alumina microlens array was fabricated by aluminum anodizing, laser irradiation, electropolishing, re-anodizing, and lift-off of the thin oxide film. The following conclusions may be drawn from results of the electrochemical measurements and microfabrication performed in this study.
(1) A porous anodic oxide film without pore-sealing has good insulating properties during electropolishing in a CH 3 COOH/HClO 4 solution; the pore-sealing treatment of the oxide film, however, increases the anodic current density through the oxide film. (2) A micropore can be fabricated on an aluminum substrate by anodizing, laser irradiation, and electropolishing. Subsequent re-anodizing results in the formation of meniscus-shaped anodic oxide on the micropore due to the difference in the oxide growth rate between the periphery and bottom of the pore. 
